Abstract Introduction: Radiotherapy offers the potential of bladder preservation in muscle-invasive bladder cancer, but only a proportion of tumors respond, and there are no accurate predictive methods. The ability of tumor cells to repair DNA damage induced by ionizing radiation influences radiosensitivity.We therefore investigated the prognostic value of the DNA repair proteins APE1and XRCC1 in patients with muscle-invasive bladder cancer treated by radical radiotherapy. Materials and Methods: The tumors of 90 patients with muscle-invasive transitional cell carcinoma and known clinical outcomes were immunostained with APE1and XRCC1antibodies. Levels of protein expression were assessed as a percentage of tumor cells with positive nuclear staining (1,000 cells per tumor). Results:The median percentage of nuclear staining forAPE1was 98.7% (range, 42.2-100%) and for XRCC1was 96.5% (range, 0.6-99.6%). High expression levels of APE1or XRCC1 (z95% positivity) were associated with improved patient cancer-specific survival (log-rank, P = 0.02 and 0.006, respectively). In a multivariate Cox regression model, APE1 and XRCC1 expression and hydronephrosis were the only independent predictors of patient survival. Conclusions: Expression levels of both APE1and XRCC1proteins were strongly associated with patient outcome following radiotherapy, separating patients with good outcome from the 50% with poor outcome (82% and 44%, 3-year cause-specific survival, respectively). If prospectively validated, this simple test could be incorporated into clinical practice to select patients likely to respond to radiotherapy and consider alternative forms of therapy for those unlikely to respond.
Bladder cancer, predominantly transitional cell carcinoma (TCC), is the fourth commonest cancer in the United Kingdom and the United States and causes 4,700 deaths a year in the United Kingdom (1) . Radical radiotherapy and cystectomy are the two main curative treatment options for nonmetastatic, muscle-invasive TCC (stages T2-T4a). More recently, chemotherapy has been added to treatment regimens with the aim of improving outcomes (2) . Bladder-conserving therapy using combinations of chemotherapy and radiotherapy have shown promising results (3, 4) , but not all tumors respond to radiotherapy. Thus, the ability to predict tumor radiosensitivity would be very helpful in patient selection for bladder conservation therapy. At present, the tools for predicting radiosensitivity are limited to clinical tumor-node-metastasis staging, grade, and presence of hydronephrosis (5, 6) , but these are of limited value in predicting outcomes of individual patients.
Ionizing radiation kills cells by inducing DNA damage such as base damage, single-strand breaks (SSB), double-strand breaks (DSB), and DNA-interstrand cross-links (7) . DNA DSBs are the lethal lesions. Using immunohistochemical staining, Harima et al. (8) and Wilson et al. (9) showed that high levels of the DSB repair proteins Ku70 and Ku80 in preradiation cervical cancer tumors were associated with radioresistance. Komura et al. (10) also showed a similar association between Ku70 protein expression and rectal cancer.
Ionizing radiation causes much more DNA base damage and SSB than DSB. These lesions are repaired by the base excision repair (BER) pathway, and BER proteins include X-ray repair cross complement group 1 protein (XRCC1) and human AP endonuclease (APE1). Few studies have investigated BER proteins in radiotherapy patients. Robertson et al. (11) and Herring et al. (12) showed that high APE1 expression levels were associated with radioresistance in germ cell tumors and cervical cancer, respectively, but this has not been examined in bladder cancer. Furthermore, XRCC1, which has no intrinsic enzymatic function but acts as a scaffold for other BER proteins including APE1, Pol Beta, PARP, PNK, and ligase 3, has to our knowledge only been investigated by immunohistochemistry in human tumors once before. In this study of pancreatic adenocarcinomas (13) , reduced XRCC1 expression was seen in 75% of cancer samples when compared with epithelial cells in the nonneoplastic pancreas. However, XRCC1 expression has not been investigated in cohorts of patients treated by radiotherapy to determine its predictive value for radiosensitivity.
We therefore examined the relationship between XRCC1 and APE1 protein expression and cancer-specific survival in patients with muscle-invasive TCC treated by radical radiotherapy. We found that high APE1 and XRCC1 expression separated patients with good outcome from the 50% with poor outcome, with 82% and 44% 3-year cause-specific survivals, respectively (P < 0.001). This statistically and clinically significant result, if validated prospectively and by other groups, could be incorporated into clinical practice to inform patient choice in the treatment of muscle-invasive bladder cancer.
Materials and Methods
Patients and radiotherapy. This study was approved by the local ethical committee. One hundred twenty-nine patients treated by urologists in the Leeds metropolitan area for bladder cancer were given radical radiotherapy at the regional clinical oncology center, Leeds, United Kingdom, from 1995 to 2000. Of these, 116 patients had muscle-invasive bladder TCC and 13 patients had high-risk superficial disease (G3pT1). The current study group comprised the 90 patients with muscle-invasive disease for whom histologic specimens were available from transurethral resection of the bladder tumor before radiotherapy. The median age was 75 years (range, 44-99 years), and there were 68 men and 22 women. All patients received computerized tomography -planned radical radiotherapy to a dose ranging from 50 to 55 Gy in 20 fractions over 4 weeks, to the whole bladder with a 1.5-cm margin on the tumor-bearing wall and 1 cm to the remainder of the bladder.
All 90 patients were staged by computerized tomography scan: 46 were stage T2, 39 stage T3, and five stage T4. Pathology was reviewed by a single pathologist (P.H.) who had no knowledge of clinical outcomes. Tumors were graded on their worst component and the majority (n = 70) were poorly differentiated (grade 3) and the remaining 20 were moderately differentiated (grade 2). Of the 82 tumors with a transitional cell element, 24 showed TCC only, 56 showed squamous differentiation, occasionally admixed with mucinous (n = 2) or small cell (n = 2) areas, and the final two showed an additional small cell component only. Six tumors were squamous, one of which had additional small cell areas. The final two were undifferentiated or sarcomatoid. Seventeen of the patients had previously documented superficial bladder tumors before developing muscle-invasive disease.
The median duration of follow-up in surviving patients was 42 months (range, 11-92 months). The overall and cancer-specific survivals at 3 years for the entire cohort were 53.5% and 63.1%, respectively. Clinical response was assessed by check cystoscopy in 87.8% (79 of 90) of patients; the remaining 11 were not assessable by cystoscopy because of patient debility or rapid disease progression. Nine of these patients died of disease (median survival, 5.5 months) and two died of other causes. Complete response was observed in 62.2% (56 of 90), partial response in 15.6% (14 of 90), and progressive disease in 10% (9 of 90). Complete response was defined as no residual tumor detected, partial response as residual noninvasive tumor, and progressive disease as residual muscle-invasive tumor. Salvage cystectomy was undertaken in 10 patients (11%). This was done for intractable bleeding in one patient, and the cystectomy showed noninvasive papillary TCC only. One patient developed nodal metastases 9 months after first presentation and cystectomy, which showed muscle-invasive carcinoma, was done for local symptom control. In the remainder, residual or recurrent invasive carcinoma was found either in the first-check cystoscopy after radiotherapy (n = 4) or on subsequent follow-up (n = 4). The cystectomy showed no evidence of residual carcinoma (n = 1), carcinoma in situ only (n = 1), or invasive carcinoma (pT1, n = 3; pT3a, n = 3).
Immunohistochemical staining for APE1 and XRCC1. Immunohistochemical staining was done using a standard streptavidin-biotin complex method. The formalin-fixed, paraffin wax -embedded tumor sections (4 Am thick) were dewaxed for 15 minutes in xylene and hydrated by passage through a graded ethanol series to tap water. Sections were then treated with 0.3% of hydrogen peroxidase in water for 10 minutes. After treatment, they were boiled in citrate buffer solution (10 mmol/L, pH 6.0) using high-power microwave for 12 minutes for antigen retrieval. After cooling on ice for 5 minutes, sections were blocked with normal rabbit serum (DAKO, Glostrup, Denmark) diluted 1:10 in TBS for 5 minutes before incubating with primary mouse monoclonal antibodies anti-APE1 (Abcam, Cambridge, United Kingdom) at a dilution of 1:5,000, or anti-XRCC1 (Biocarta, San Diego, CA) at 1:100 for 1 hour at room temperature. Sections were then incubated with biotinylated rabbit anti-mouse antibody for 30 minutes followed by incubation with streptavidin-biotin horseradish peroxidase complex (DAKO) for a further 30 minutes. All sections were counterstained with hematoxylin for 15 seconds. Reactivity was visualized with 3,3V -diaminobenzidine as substrate, yielding a brown reactive product. Sections of breast carcinoma and tonsil were used as positive controls for APE1 and XRCC1, respectively. Negative controls were obtained by omitting the primary antibody in each case.
Quantification of APE1 and XRCC1 protein expression. Stained specimens were assessed using an Olympus BX50 microscope/camera system. Digital images of cells from the muscle-invasive tumor components were captured randomly (magnification, Â600). The number of cells with nuclei positive for APE1 and XRCC1 was determined by scoring 10 microscopic fields of 100 tumor cells each, without prior knowledge of clinical data or radiosensitivity. A total of 1,000 tumor nuclei were counted and the expression levels for APE1 and XRCC1 were determined as the percentage of positive cells. All measurements were done by the same operator (S.C.S). Five percent of sections were counted twice to assess the reproducibility of the measurements and variability in the quantification of protein expression was <2%.
Histopathology. H&E-stained sections were examined in detail for a range of morphologic features including presence of squamous or other tumor differentiation, tumor necrosis (absent and/or present), carcinoma in situ (absent and/or present), host response, defined as inflammatory cells in contact with tumor cells (absent and/or present), and vascular invasion (absent and/or present). Research. Statistical analysis. The statistical analysis was done using the Statistical Analysis System version 8 software. Data are presented as medians with 25% to 75% confidence intervals. Grouped data were compared using the Mann-Whitney U test for nonparametric distributions.
The outcome selected for this study was cancer-specific survival, defined as the time from the start of radiotherapy to the date of death from muscle-invasive TCC. The thresholds of APE1 and XRCC1 influencing cancer-specific survival were analyzed by plotting KaplanMeier curves. The survival probability distributions were compared using the log-rank test. Categorical variables influencing survival were compared using Cox proportional hazards regression.
Results
Association of APE1 and XRCC1 with clinical prognostic features. The APE1 protein showed extensive and strong nuclear expression in muscle-invasive TCC, with a median percentage of positive nuclear staining of 98.7% (range, 42.2-100%). The expression of XRCC1 was more variable, with a median percentage nuclear staining in invasive carcinoma of 96.5% (range, 0.6-99.9%). Logit transformation was done to normalize the distribution of APE1 and XRCC1 expression. We then assessed the correlation between APE1 and XRCC1 protein expression by plotting the logit-transformed APE1 and XRCC1 expression (Fig. 1) . We found there was a highly significant correlation between APE1 and XRCC1 expression (Spearman q, P = 0.002).
The relationships between APE1 and XRCC1 protein expression and clinical prognostic features such as tumor stage, grade, and response to radiotherapy are presented in Table 1 . The XRCC1 protein expression was significantly lower in tumors with high clinical T stage (i.e., T3/T4 compared with T2 tumors; P = 0.008). However, APE1 protein expression was not associated with tumor T stage. There was no relationship between the APE1 and XRCC1 protein expression and tumor grade and clinical response to radical radiotherapy at first-check cystoscopy.
Association of APE1 and XRCC1 with patient cancer-specific survivals. Using the Cox regression model, expression levels of each protein were significantly associated with cancer-specific survival (P = 0.04 for APE1 and 0.008 for XRCC1) such that tumors with higher APE1 and XRCC1 protein expression levels had improved cancer-specific survivals. A threshold of 95% was applied to both proteins to stratify expression into high (>95%) or low (V95%). This threshold was chosen as in a subgroup of 39 cases initially studied this gave the best discrimination levels for both APE1 and XRCC1 markers. Cancer-specific survival Fig. 2A and B) . High expression levels of APE1 or XRCC1 were significantly associated with improved cancerspecific survival compared with low expression (log-rank, P = 0.004 and 0.002, respectively). Because both proteins were associated with improved survival, we further stratified patients into four distinct groups depending on staining for APE1 and XRCC1 using the same thresholds: high APE1 and high XRCC1 (n = 45), high APE1 and low XRCC1 (n = 28), low APE1 and high XRCC1 (n = 5), and low APE1 and low XRCC1 (n = 12). High expression for both proteins was associated with improved survival compared with remaining groups (Fig. 3A) . Therefore, we combined the remaining groups together and repeated the Kaplan-Meier analysis (Fig. 3B) . The combined approach resulted in improved prediction of patient outcome with high expression levels of both proteins being associated with better cancer-specific survival (log-rank, P < 0.001).
The clinical response to radical radiotherapy at first-check cystoscopy was also assessed in the combined model for APE1 and XRCC1 by comparing tumors with high APE1 and high XRCC1 with the remaining groups. Tumors with high APE1 and high XRCC1 expression levels had a relatively favorable response to radiotherapy compared with the three remaining groups (m 2 , P = 0.04; Table 2 ). Multivariate analysis of clinical variables, tumor morphology, and APE1 and XRCC1 expression levels. Clinical variables and pathologic factors were also assessed for their relationship with cancer-specific survival in univariate and multivariate regression analysis (Table 3) . In univariate analysis, the absence of hydronephrosis, absence of tumor necrosis, the presence of a host response, and high APE1 and XRCC1 expression were significantly associated with favorable patient outcome. In a multivariate analysis (model one) including all significant factors (hydronephrosis, necrosis, host response, APE1 expression levels, and XRCC1 expression levels), only hydronephrosis, high APE1 expression, and high XRCC1 expression were marginally associated with improved patient survival (P = 0.06, 0.06, and 0.054, respectively). When combined APE1/XRCC1 levels were used instead of single APE1 and XRCC1 expression levels in the second multivariate analysis, combined APE1 and XRCC1 levels proved to be highly statistically significant (P = 0.005) along with hydronephrosis (P = 0.04) as independent predictors for patient cancer-specific survival.
Discussion
As base damage and SSBs are the commonest forms of ionizing radiation -induced DNA damage, we selected two interacting BER enzymes, APE1 and XRCC1, to investigate the potential role of DNA repair enzymes in determining response to radiotherapy as, to our knowledge, there have been no previous studies in cohorts of patients with muscle-invasive TCC. We have shown that high levels of APE1 and XRCC1 protein expression were associated with improved cancerspecific survival in these patients. These findings seem to contradict our working hypothesis that high levels of expression of DNA repair proteins would be associated with radioresistance and hence poorer survival, as shown previously (9 -12) . They also seem to contradict the findings of Hu et al. (14) whose work suggested that single nucleotide polymorphisms in APE1 and XRCC1 may contribute to ionizing radiation hypersensitivity.
One possible explanation is that the reduced expression of XRCC1 and APE1 merely reflects the poorly differentiated nature of tumor cells in more aggressive tumors (15) . Cells from aggressive tumors with extensive genomic instability (16) could contain chromosomal aberrations resulting in failure of transcription of genes, including DNA repair genes, thus resulting in lower protein expression of the gene products. Against this argument is the observation 4 that APE levels (particularly cytoplasmic levels) are higher in higher-grade tumors. Although we found no correlation between APE1 and XRCC1 and tumor grade, this may be because most (78%) of the tumors in this study were grade 3, as graded on their worst component. This would be resolved by investigating the relationship between protein expression and outcomes in patients treated by other modalities such as cystectomy, to determine whether APE1 and XRCC1 expression is a general prognostic factor reflecting the aggressiveness of the tumor or a predictive factor specific to radiotherapy. This work is under way.
In addition, APE1 is an important reduction-oxidation activator of the DNA binding of various transcription factors, such that increased APE1 could lead to an increase in the reduction-oxidation reduction of downstream stress response factors like activator protein, nuclear factor-nB, and p53 and hence a greater effect of the radiotherapy (17) .
An alternative explanation involves the DNA repair mechanisms which are activated following DNA damage caused by radiotherapy. Ionizing radiation induces various forms of DNA damage. The most common are base damage (2,000-3,000 per cell per gray) and SSBs (1,000 per cell per gray) followed by DSBs (40 per cell per gray) and interstrand cross-links. Different forms of DNA damage require different repair mechanisms (e.g., BER for base damage and SSB and homologous recombination and nonhomologous end joining for DSB; ref. 18) . Although radiation produces more base lesions and SSB, DSB are most lethal to the cell. The process of repair of two damaged bases or a damaged base and SSB that are close together on opposite DNA strands can result in formation of a new DSB due to cleavage of both backbones (19) . Thus, repair of base damage by BER can actually increase the number of DSB produced following treatment with radiotherapy. This finding is supported by studies showing that when irradiated cells are allowed time to repair, the number of DSB actually increases (20 -22) . Hence, repairing base lesions and SSB can potentially convert nonlethal lesions into lethal DSB. Thus, deficiency in BER may actually enhance cell survival following treatment with ionizing radiation as fewer DSB are produced. Furthermore, Blaisdell and Wallace (23) have shown that bacteria deficient in DNA glycosylase (a BER enzyme) are more resistant to radiation than repair-competent bacteria.
APE1 initiates the repair of abasic sites generated during the repair of damaged bases by catalyzing the hydrolic cleavage of the phosphodiester bone immediately 5V to the AP site thereby creating a SSB. XRCC1 physically interacts with APE1 and stimulates its enzymatic activity (24) . Therefore, low levels of the BER proteins APE1 and XRCC1 may reflect poorer BER and hence reduced conversion of nonlethal damage into lethal DSB. This may explain why tumors with low APE1 and XRCC1 protein expression are resistant to radiotherapy thus resulting in poorer patient survival. Horima et al. (8), Wilson et al. (9) , and Kumora et al. (10) investigated the DSB repair protein Ku and found that higher protein levels were associated with decreased radiosensitivity, as more DSB were repaired, which would be consistent with our findings in BER proteins.
Tumor stage, grade, and the presence of hydronephrosis are currently the standard clinical predictors of outcome in muscleinvasive bladder cancer (6, 25) but are not used in the selection of patients for different treatment modalities. Our results are very similar to the recent Edinburgh series using the same radiotherapy technique (26) , and the only clinical variable that predicted for outcome was the presence of hydronephrosis. However, although hydronephrosis was a strong predictor of poor outcome, hydronephrosis is uncommon (14% of evaluable patients in our series) and it therefore of limited value. There is therefore a need for morphologic or molecular markers applicable to all patients to predict individual outcomes.
Quilty et al. (27) showed in a large series of patients treated with radiotherapy in the 1970s that patients with poorly differentiated tumors (grade 3) responded better to radiotherapy than those with well-differentiated tumors (grade 1). This is in contrast to results of cystectomy series (28) and in theory could be exploitable in selecting patients for radiotherapy or chemoradiotherapy versus surgery. However, as seen in our series, the vast majority of patients with muscle-invasive bladder cancers have grade 3 tumors; thus, the prognostic value of grade 1 may merely reflect its preponderance in superficial tumors. Our in-depth study of morphology on H&E-stained sections showed that tumor necrosis and host response were significant prognostic variables on univariate but not on multivariate analysis. There is therefore a need for additional independent markers of prognosis following radiotherapy.
Immunohistochemistry is available in most diagnostic pathology laboratories and prognostic markers such as those described here could be included at marginal costs, although some additional time is required for cell counting (f30 minutes per case). Our results require prospective validation but seem to provide levels of discrimination similar to previous immunohistochemical studies, although the directions of results in such studies have been contradictory. Qureshi et al. (29) found that cancer-specific survival at 3 years after radiotherapy was f76% for patients with positive staining for both p21 and p53 (16 of 68 patients, 24%) versus 32% if one or both markers were negative. This contrasts with the poorer outcome associated with positive staining for these two markers in 82 muscle-invasive bladder carcinomas treated with neoadjuvant chemotherapy and either radiotherapy or cystectomy (30) . That is, at 36 months, the disease-free survivals were f69% for either marker negative versus 16% for both markers positive (17 of 77 patients, 22%). Our combined APE1 and XRCC1 expression splits the cohort exactly in half, to predict 82% versus 44% 3-year cause-specific survivals. Our test selected a larger proportion of patients who had better outcome (50% of patients) following radical radiotherapy compared with the studies of Qureshi et al. (29) and Garcia del Muro et al.
(ref. 30; 24% and 22% of patients, respectively). With the ability to predict outcome in half of the cohort, if validated, our test could potentially be very useful in patient counseling and selection for radiotherapy.
Conclusions
High protein expression levels of both APE1 and XRCC1 were associated with improved patient survival in muscleinvasive bladder cancer following radical radiotherapy, and a combined score selected the 50% of patients with an 82% 3-year cause-specific survival following radiotherapy. If validated in further studies, immunohistochemical staining for these proteins could be added to the routine patient work-up in muscle-invasive bladder cancer and would inform patient choice regarding bladder-sparing treatment versus cystectomy.
